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Avian inﬂuenza viruses possess hemagglutinin (HA) which preferentially bind to the sialic acid α2,3-
galactose sialyloligosaccharides (SAα2,3Gal) receptor. In contrast, human inﬂuenza viruses bind to sialic
acid α2,6-galactose sialyloligosaccharides (SAα2,6Gal). The A/Hong Kong/68 (H3N2) virus preferentially
binds to SAα2,6Gal, although its HA gene was derived from an avian inﬂuenza virus strain. To elucidate
the mechanisms behind acquisition of binding speciﬁcity for the human-type receptor, the avian
inﬂuenza virus, A/duck/Hokkaido/5/77 (H3N2), which carries the HA with SAα2,3Gal receptor speciﬁcity,
was consecutively passaged in pigs. Viruses that preferentially bind to the SAα2,6Gal receptor were
predominantly recovered from the nasal swabs of pigs after three passages. The present results indicate
that avian inﬂuenza viruses can acquire the potential to infect humans after multiple infections in a pig
population. Intensive surveillance of swine inﬂuenza is, thus, important for the preparedness for the
future pandemics.
& 2013 Elsevier Inc. All rights reserved.Introduction
Inﬂuenza A virus is widely distributed in birds and mammals
including humans and is classiﬁed into 16 hemagglutinin (HA) and
9 neuraminidase (NA) subtypes (Palese and Shaw, 2007). Ecologi-
cal studies have revealed that a vast inﬂuenza virus gene pool for
inﬂuenza exists in migratory ducks (Kida, 2008; Webster et al.,
1992). Each of the known subtype of inﬂuenza A viruses perpe-
tuates among migratory water birds and their nesting lake water
in nature (Ito et al., 1995). Avian inﬂuenza viruses possess the HA
which preferentially binds to sialic acid α2,3-galactose sialyloligo-
saccharides (SAα2,3Gal), whereas human inﬂuenza viruses bind to
sialic acid α2,6-galactose sialyloligosaccharides (SAα2,6Gal)
(Ito et al., 1998; Rogers et al., 1983). Each of the earliest isolates
in the 1918, 1957, and 1968 pandemics preferentially recognize the
SAα2,6Gal receptor, despite the fact that those HA genes were
avian virus origin (Kida et al., 1987; Reid et al., 1999; Webster et al.,
1992). Inﬂuenza viruses that preferentially bind to SAα2,3Gal were
isolated from pigs, although most swine inﬂuenza viruses prefer-
entially recognize SAα2,6Gal (Kida et al., 1988). Experimental
infection studies revealed that pigs are susceptible to avian and
human inﬂuenza viruses of H1–H13 subtypes and genetic reassor-
tants are generated by concurrent viral infection of upperll rights reserved.
logy, Department of Disease
okkaido University, Sapporo,
da).respiratory tract cells in pigs (Kida et al., 1994). Epithelial cells of
the upper respiratory tract of pigs have both SAα2,3Gal and
SAα2,6Gal receptors (Ito et al., 1998). It has been, thus, proposed
that pigs serve as intermediate hosts for the generation of genetic
reassortants of avian and human inﬂuenza viruses. Receptor
speciﬁcity of H3 inﬂuenza viruses is determined by the amino
acids at positions 226 and 228 in the HA (Rogers et al., 1983;
Connor et al., 1994). Amino acids 226Gln and 228Gly (226Gln/
228Gly) in the HA confer binding speciﬁcity to SAα2,3Gal receptor,
which are found in avian inﬂuenza virus isolates, whereas amino
acids 226Leu and 228Ser (226Leu/228Ser) confer binding speciﬁ-
city to SAα2,6Gal receptor, which are found in human viruses.
Pigs play an important role in the generation of pandemic
viruses since they are susceptible to infection with both avian and
human inﬂuenza viruses. However, the mechanisms by which
avian inﬂuenza viruses acquire binding speciﬁcity to SAα2,6Gal
and cause pandemic inﬂuenza are not fully understood. In the
present study, H3 avian inﬂuenza virus was consecutively pas-
saged in pigs to assess whether viruses recognizing the SAα2,6Gal
receptor are selected.Results
Consecutive passages of Hok/77-P0 in pigs
Hok/77-P0 was passaged in pigs to assess whether human-type
receptor speciﬁcity could be acquired. Virus titers in nasal swabs of
Table 1
Virus titers in nasal swabs of infected pigs.
Passage No. Animal ID Virus titers on the dpi (log PFU/ml)a
1 2 3 4 5 6 7
Passage 1 #1 4.5/4.4 5.3/4.9 4.5/4.6 4.4/4.3 3.6/3.1* –/– –/NTc
#2 –b/– 2.9/– –/– –/– –/– –/– –/NT
Passage 2 #3 –/4.3 3.6/3.0 2.0/1.6 3.0/3.3 2.7*/– –/– –/NT
#4 3.1/4.4 3.0/– –/– –/– –/– –/– –/NT
Passage 3 #5 3.5/4.4 3.0/2.1 1.5/2.7 3.1/3.5 3.7/3.0 2.3/2.9 2.7*/NT
#6 3.8/4.6 2.2/– –/3.1 3.1/4.0 3.2/3.0 2.5/4.1 –/NT
a Swabs were collected from pigs every 12 h (AM/PM).
b o101.0 PFU/ml.
c Not tested.
n The viruses were inoculated into the next pigs and amino acid substitution of HA was identiﬁed for each virus sample.
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S. Shichinohe et al. / Virology 444 (2013) 404–408 405infected pigs are shown in Table 1. Passaging of the virus was
initiated in 2 pigs by intranasal inoculation of 2 ml allantoic ﬂuid
containing Hok/77-P0 at 107.7 PFU. The last virus isolates from
nasal swabs of pigs were used for the next passage. Viruses
recovered from the swab from pig #1 at 5 dpi (Hok/77-P1).
Hok/77-P1 was grown in MDCK cells and the yielded virus was
inoculated into 2 naïve pigs (#3 and #4) at 107.6 PFU. Viruses were
recovered from swab of pig #3 at 5 dpi (Hok/77-P2). Hok/77-P2
was grown in MDCK cells and the yielded virus was inoculated
into 2 naïve pigs (#5 and #6) at 107.3 PFU. Viruses recovered from
swab of pig #5 at 7 dpi (Hok/77-P3).Fig. 1. The proportion of variants with the HA amino acid substitutions at positions
226–228. Ten plaque-picked virus clones were collected from allantoic ﬂuid
containing Hok/77-P0 and from nasal swabs containing the last-recovered viruses
from each passage (indicated by asterisk in Table 1). Deduced amino acids at
position 226 and 228 were identiﬁed in the HA of plaque-picked virus clones were
identiﬁed.
Table 2
Quasispecies composition of Hok/77-P0 and passaged viruses at the codon sites
which responsible for receptor binding in the HA.
Nucleotide
position and
sequencea
Rate (%) in passaged
virus samples
Amino acid position and
deduced amino acidc
Hok/
77-P0
Hok/
77-P1
Hok/
77-P2
Hok/
77-P3
676–678 100 78.9 76.2 o2.8 226
CAG –b 21 23.6 97.2 Gln
. T . Leu
682–684 228
GGT 100 3.5 6.7 o0.4 Gly
. C . – 54.2 68.8 o0.4 Ala
A . . – 41.4 24.2 99.6 Ser
a Periods indicate the same nucleotide as the sequence above.
b Undetectable.
c The amino acid substitutions found after passages in pigs are underlined.Amino acid substitutions of the viruses during consecutive passages
in pigs
To assess whether receptor speciﬁcity variants were selected in
pigs, 10 plaque-picked virus clones were obtained from the nasal
swabs of pigs, and amino acid sequence at the receptor binding
site of the HA was determined (Table 1). Nucleotide sequences of
the HA genes from plaque-picked virus clones were compared
with those of Hok/77-P0 (Fig. 1). All 10 plaque-picked virus clones
in Hok/77-P0 have amino acids residues at 226Gln/228Gly at the
HA receptor binding site. Variants with 226Gln/228Ala, 226Gln/
228Ser, and 226Leu/228Ser at the receptor binding site of the HA
were recovered from Hok/77-P1 and Hok/77-P2. In Hok/77-P3, all
variants contained 2 amino acid substitutions, 226Leu/228Ser, in
the HA. Seven amino acid substitutions in addition to amino acids
226 and 228 in the HA were found in Cys196Tyr and Ala716Val in
PB2, Asp78Glu in PB1, Asp431Asn in PA, Thr87Ile in HA2,
Ala156Thr in NP, and Glu101Glu/Lys in NS1 from Hok/77-P3. To
examine whether the variants were selected in pigs or in MDCK
cells, Hok/77-P0 was passaged 3 times in MDCK cells and recov-
ered 10 plaque clones in each passage. Each of the plaque-picked
virus clones has amino acid residues at 226Gln/228Gly in the HA
(data not shown), indicating that the variants with 226Leu/228Ser
were not selected in MDCK cells, but in pigs.
Single-nucleotide polymorphism (SNP) analysis was performed
using a deep sequence method (Table 2). Deduced amino acid
substitutions at positions 226 and 228 in the HA were not
observed in Hok/77-P0. In Hok/77-P1, substitution was observed
in 78.9% at 226Gln or in 21.0% at 226Leu and in 3.5% at 228Gly, in
54.2% at 228Ala, or in 41.4% at 228Ser of the deduced amino acid
sequence in the HA. In Hok/77-P2, substitution was observed in
76.2% at 226Gln or in 23.6% at 226Leu, and in 6.7% at 228Gly,in 68.8% at 228Ala, or in 24.2% at 228Ser of the deduced amino
acid sequence in the HA. Nucleotides encoding the deduced amino
acids at position 226Leu and 228Ser in the HA were predomi-
nantly detected in Hok/77-P3. These results indicate that avian
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Fig. 2. Binding of Hok/77-P0 and variants to either 3′-SL or 6′-SL. Binding to 3′-SL (black square) and 6′-SL (white square) of Hok/77-P0 (226Gln/228Gly) and variants,
Hok/77-P2 clone 4 (226Gln/228Ala), Hok/77-P1 clone 7 (226Gln/228Ser), and Hok/77-P3 clone 5 (226Leu/228Ser), were compared using solid-phase binding assays. Data
are presented as the mean7s.e. of triplicate experiments. Signiﬁcant differences between the absorbance of 3′-SL and 6′-SL were calculated using the t test; *Po0.05.
S. Shichinohe et al. / Virology 444 (2013) 404–408406inﬂuenza viruses recognizing SAα2,6Gal were selected during
multiple replication in pigs.
Receptor binding speciﬁcity of the viruses passaged in pigs
To assess receptor binding speciﬁcity of variants, direct binding
assays of plaque-picked virus clones with SAα2,3Gal and SAα2,6Gal
sialylglycopolymers were performed. Hok/77-P0, which has 226Gln/
228Gly residues in the HA, preferentially bound to 3′-SL than 6′-SL
(Fig. 2). Plaque-picked virus clones from nasal swabs of the pigs, Hok/
77-P2 clone 4 (226Gln/228Ala) or Hok/77-P1 clone 7 (226Gln/
228Ser), showed preferential binding speciﬁcity to 3′-SL. Binding
speciﬁcity of the plaque-picked virus clone from pig, Hok/77-P3
clone 5 (226Leu/228Ser), showed preferential binding to 6′-SL.
Therefore, these data conﬁrmed that the HA of Hok/77-P0 acquired
SAα2,6Gal receptor binding speciﬁcity.Discussion
The HAs of avian inﬂuenza viruses preferentially bind to
SAα2,3Gal receptor, whereas those of human inﬂuenza viruses
bind to SAα2,6Gal receptor. Pigs are susceptible to both avian and
human inﬂuenza viruses. Experimental infections revealed that
genetic reassortants were generated on concurrent infections with
avian and human viruses in the upper respiratory cells in pigs,
which have both SAα2,3Gal and SAα2,6Gal (Kida et al., 1994; Ito
et al., 1998). Pandemic strains bind to SAα2,6Gal receptors,
although the HAs originated from avian inﬂuenza viruses. It is
assumed that preferential recognition of SAα2,6Gal by inﬂuenzavirus HAs is required for efﬁcient human-to-human transmission.
In the present study, we demonstrated that variants that prefer-
entially bind to SAα2,6Gal were selected during consecutive
passages in pigs, indicating that avian inﬂuenza viruses acquire
the potential to infect humans after multiple infections in pig.
Plaque-picked virus clones with amino acid substitutions at posi-
tions 226Leu/228Ser, binding to SAα2,6Gal, were recovered from Hok/
77-P2 and Hok/77-P3. Previous studies indicate that SAα2,6Gal is more
abundant than SAα2,3Gal in the respiratory tract cells of pigs (Nelli
et al., 2010; Van Poucke et al., 2010). A/Hong Kong/68 (H3N2), which
has amino acid residues 226Leu/228Ser in the HA, dominantly
replicated in the respiratory tracts of pigs compared with variants
carrying 226Gln/228Gly mutations (Van Poucke et al., 2013). These
results indicate that acquisition of preferential binding to SAα2,6Gal
is advantageous for virus replication in respiratory tracts of pigs.
In addition to 226 Leu/228Ser, seven other amino acid substitutions
were found in Hok/77-P3. These amino acid substitutions also
provided advantages for Hok/77-P0 to replicate in pigs, and selected
SAα2,6Gal receptor binding variants in pigs.
Receptor speciﬁcity of inﬂuenza viruses is the key determinant
of host range. It is assumed that binding speciﬁcity for SAα2,6Gal
receptor is required for efﬁcient human-to-human transmission.
This is the ﬁrst study to demonstrate the selection of avian
inﬂuenza viruses with the HA that preferentially binds to SAα2,6-
Gal receptor after successive passages in pigs. Inﬂuenza viruses of
each HA subtype replicate in the respiratory tracts of pigs (Kida
et al., 1994). None of the HA subtypes can be ruled out as possible
pandemic strain by introduction into pig population. It is, thus,
stressed that intensive surveillance of swine inﬂuenza is important
to prepare for future pandemics.
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Viruses and cells
A/duck/Hokkaido/5/1977 (H3N2) (Hok/77-P0) was propagated
in 10-day-old embryonated chicken eggs at 35 1C for 48 h and
infectious allantoic ﬂuid was stored at 80 1C until use. Madin–
Darby canine kidney (MDCK) cells were maintained in minimum
essential medium (MEM) supplemented with 0.3 mg/ml L-glutamine,
10% calf serum, 100 U/ml penicillin G, 0.1 mg/ml streptomycin and
8 μg/ml gentamicin.
Consecutive passages of duck inﬂuenza viruses in pigs
Three-week-old crossbred (LandraceDurocYorkshire) spe-
ciﬁc pathogen-free pigs (Yamanaka chikusan, Hokkaido, Japan)
were kept in self-contained isolator units (Tokiwa Kagaku, Tokyo,
Japan) in a BSL-3 facility of the Graduate School of Veterinary
Medicine, Hokkaido University, Japan. Before virus inoculation,
serum samples were checked for the absence of antibodies against
Hok/77-P0 using hemagglutination-inhibition (HI) tests. Consecu-
tive virus passages were initiated in 2 naïve pigs by intranasal
inoculation with 2 ml allantoic ﬂuid containing Hok/77-P0. Nasal
swabs were collected from these pigs into MEM every 12 h for
7 days post inoculation (dpi). The last isolated virus samples that
were recovered from pigs were propagated in MDCK cells for
48–72 h at 35 1C and were intranasally re-inoculated into 2 naïve
pigs. Passages were repeated 3 times. The remaining supernatants
were stored at 80 1C until use. The institutional animal care and
use committee of the Hokkaido University authorized this animal
experiment (approval number: 11-0087), and all experiments
were performed according to the guidelines of this committee.
Plaque assay
Ten-fold dilutions of virus samples were inoculated onto
conﬂuent monolayers of MDCK cells and incubated at 35 1C for
1 h. Unbound viruses were removed, and cells were washed with
phosphate-buffered saline (PBS). Cells were subsequently overlaid
with MEM containing 1% Bacto-agar (Difco, Sparks, MD, USA) and
5 μg/ml trypsin acetylated (Sigma-Aldrich, St Louis, MO, USA).
Forty-eight hours after incubation at 35 1C, cells were stained
with 0.005% neutral red. To analyze nucleotide sequences of
passaged viruses, plaques showing cytopathic effects were picked
up using a sterile capillary pipette and suspended in MEM.
Sequencing
Viral RNAwas extracted from suspensions of picked-up plaques
using Trizol-LS (Sigma). Universal primer sets for inﬂuenza A virus
were used for RT-PCR of all eight gene segments (Hoffmann et al.,
2001). PCR products were ligated with gene-speciﬁc primers and
sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster city, CA, USA). Sequences of DNA
templates were determined using a 3500/3500xL Genetic Analyzer
(Applied Biosystems). Sequencing data was analyzed using GENE-
TYX version 10 (Genetyx Corporation, Tokyo, Japan).
Deep Sequencing
For bead-bound cDNA of Hok/77-P0 and variants, emulsion
PCRs (emPCRs) were performed using GS Junior Titanium emPCR
kit (Roche, Basel, Switzerland) according to the manufacturer′s
instructions, with 2 copies per bead. After bead recovery and
enrichment, beads were sequenced using the GS Junior Titanium
Sequencing kit (Roche) and a GS Junior Bench Top System (Roche)according to the appropriate instrument run protocol. The result-
ing reads were sorted and assembled using CLC Genomics Work-
bench software (CLC bio, Aarhus, Denmark).
Solid-phase direct binding assay
Receptor binding speciﬁcity of the viruses was assessed using a
solid-phase direct binding assay with sialylglycopolymers (6′-Sialyl-
lactose-PAA, 6′–SL and 3′-Sialyllactose-PAA, 3′–SL) (Cosmo Bio Co.,
Ltd., Tokyo, Japan) (Totani et al., 2003). Each sialylglycopolymer was
serially diluted and added to each well of a Universal-BIND™,
96 well polystyrene stripwell microplate (Corning, NY, USA). Each
well was blocked with 1% bovine serum albumin (BSA) at room
temperature for 3 h. After washing with PBS containing 0.05%
Tween 20 (PBST), a solution containing inﬂuenza viruses (8 HAU in
PBST and 0.5% BSA) was added to each well and the plates were
incubated at 4 1C for 16 h. After washing with cold PBST, mouse anti-
HA monoclonal antibodies were added to each well and the plates
were incubated at 4 1C for 2 h. The wells were subsequently washed
with cold PBST and incubated with goat anti-mouse IgG-HRP
conjugate (Bio-Rad, Carlsbad, CA, USA) at 4 1C for 2 h. After washing
with cold PBST, the substrates 0.5 mM 3,3′-tetramethylbenzidine
(TMB) and 0.04% H2O2, were added to each well. After incubation at
room temperature for 10 min, the reactions were stopped using
100 μl of 2 N H2SO4, and absorbance at 450/630 nm was measured
using a Sunrise™Microplate Reader (TECAN Group Ltd., Mannedorf,
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